1 



OPTICAL WAVEGUIDE INCORPORATING SUBMEDIA 

BACKGROUND OF THE INVENTION 
Field of the Invention 
5 The present invention relates to an optical waveguide incorporating subme- 
dia. 

Description of the Background Art 
An optical fiber, which belongs to the category of the optical waveguide, is 

10 used, for example, as the optical transmission line in an optical communica- 
tions system. The system usually uses an optical fiber in which doped materi- 
als are dispersed with a cylindrically symmetrical concentration distribution in 
the matrix made of silica glass. The optical fiber has a refractive-index profile 
determined by the concentration distribution of the doped material. The 

15 chromatic dispersion, one of the properties of an optical fiber, is determined by 
both the material dispersion, which is determined by the composition (matrix 
and doped material), and the waveguide dispersion, which is determined by the 
refractive-index profile. 

The chromatic dispersion of an optical fiber is designed by properly deter- 

20 mining the refractive-index profile. For example, a standard single-mode op- 
tical fiber has a chromatic dispersion of 0 ps/nm/km at a wavelength of about 
1.3 p.m and a chromatic dispersion of 16 to 20 ps/nm/km or so at a wavelength 
of 1.55 lira. It is also possible to obtain a dispersion-compensating optical fiber 
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having a negative chromatic dispersion at a wavelength of 1.55 Urn. with an 
absolute value of several tens in ps/nm/km. Furthermore, it is possible to ob- 
tain a dispersion-shifted optical fiber having a chromatic dispersion of a sin- 
gle-digit number in ps/nm/km. 
5 However, when the light travelling in these optical fibers has a large power, 
the waveform of the light deteriorates due to an optical nonlinear phenomenon. 
In addition, the cumulative dispersion of the optical fiber also deteriorates the 
waveform of the light. The reduction in transmission loss in these optical fi- 
bers has a limitation due to the presence of the doped material. 

10 Recently, the published Japanese patent application Tokukai 2000-35521 has 
disclosed an optical fiber whose main medium includes submedia longitudi- 
nally extending along the axis of the fiber. According to the cross section per- 
pendicular to the fiber axis, the optical fiber has a core region formed by a hol- 
low and a cladding region composed of a main medium and submedia: placed at 

15 constant intervals in the main medium. The cladding region forms a photonic 
bandgap structure. The optical fiber utilizes the Bragg reflection of the light 
in the photonic bandgap structure to contain the light in the core region sur- 
rounded by the cladding region so that the light can be transmitted. The opti- 
cal fiber having a photonic bandgap structure can form the core region with a 

20 hollow. Consequently, the optical fiber holds promise of reducing the trans- 
mission loss, nonlinearity, and chromatic dispersion. 

However, the above-described optical fiber has a hollow core region extending 
continuously along its axis. Therefore, foreign matters intruding into the 



hollow core from the end may deteriorate the optical properties. Accordingly, 
the optical fiber is required to seal its both ends to prevent foreign matters from 
entering. This termination work takes time and consumes man power. In 
addition, the optical fiber having a photonic bandgap structure allows part of 
the energy of the travelling light to enter the region of the photonic bandgap 
structure. As a result, the optical fiber cannot sufficiently reduce the trans- 
mission loss, nonlinearity, and chromatic dispersion. 

SUMMARY OF THE INVENTION 

An object of the present invention is to offer an optical waveguide whose end 
portions are easily terminated. 

According to the present invention, the foregoing object is attained by offer- 
ing an optical waveguide provided with a refractive-index profile for transmit- 
ting light. The optical waveguide comprises: 

(a) a main medium; and 

(b) a multitude of submedia that: 

(bl) have a refractive index smaller than that of the main medium; and 
(b2) are distributed in the main medium such that the submedia form 
minute regions each of which exists locally in the cross section perpen- 
dicular to the direction of the light travelling in the optical waveguide 
without extending along the axis of the optical waveguide. 

The refractive -index profile of the optical waveguide is formed based on one 

member selected from the group consisting of: 



(c) the refractive -index profile of the main medium itself; 

(d) the numerical distribution density of the minute regions; 

(e) the individual size of the minute regions; and 

(f) the numerical distribution density and individual size of the minute re- 
gions. 

According to one aspect of the present invention, the present invention offers 
a method of producing an optical waveguide provided with a refractive -index 
profile for transmitting light. The method comprises: 

(a) a first step for producing an intermediate, the intermediate comprising: 
(al) a main medium; and 

(a2) a multitude of submedia that: 

(a2a) have a refractive index smaller than that of the main medium; 
and 

(a2b) are distributed in the main medium such that the submedia form 
minute regions each of which exists locally in the cross section perpen- 
dicular to the direction of the light travelling in the optical waveguide 
without extending along the axis of the optical waveguide; and 

(b) a second step for providing the intermediate with the refractive -index 
profile for transmitting light. 

Advantages of the present invention will become apparent from the following 
detailed description, which illustrates the best mode contemplated to carry out 
the invention. The invention can also be carried out by different embodiments, 
and their details can be modified in various respects, all without departing 
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from the invention. Accordingly, the accompanying drawing and the following 
description are illustrative in nature, not restrictive. 

BRIEF DESCRIPTION OF THE DRAWING 
5 The present invention is illustrated to show examples, not to show limita- 
tions, m the figures of the accompanying drawing. In the drawing, the same 
reference numerals refer to similar elements. 
In the drawing: 

Figure 1A is a view showing the cross section perpendicular to the axis of an 
10 optical waveguide (optical fiber) 10 in the first embodiment, and Fig. IB is a 
view showing the longitudinal cross section including the axis of the optical 
fiber 10. 

Figures 2A, 2B, and 2C are diagrams showing examples of the average- 
refractive-index profile of the optical fiber 10. 
15 Figure 3 A is a view showing the cross section perpendicular to the axis of an 
optical waveguide (optical fiber) 20 in the second embodiment, and Fig. 3B is a 
view showing the longitudinal cross section including the axis of the optical 
fiber 20. 

20 DETAILED DESCRIPTION OF THE INVENTION 

Figure 1A is a view showing the cross section perpendicular to the axis C of 
an optical waveguide (optical fiber) 10 in the first embodiment. Figure IB is a 
view showing the longitudinal cross section including the axis C of the optical 
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fiber 10. The optical fiber 10 has an outside shape similar to that of the. con- 
ventional optical fiber. The cross section perpendicular to the axis C is circu- 
lar, and the fiber is long along the axis C. 

The optical fiber 10 comprises a main medium 11 in which a multitude of 
5 minute regions 12 composed of a submedium are distributed. The main me- 
dium 11 is made of silica glass, for example. The submedium. in each minute 
region 12 is formed by a vacuum or a gas, such as an inert gas or air. The 
submedium- has a refractive index smaller than that of the main medium 11. 
Each minute region 12 has a nearly spherical shape, ellipsoidal shape, or a 

10 shape formed by linking a plurality of spherical regions. In other words, it 
does not extend along the axis C. 

When the diameter is used as a representative size of each minute region 12, 
it is desirable that each minute region 12 have a diameter of at most 1/10 the 
wavelength of the light travelling in the optical fiber 10, more desirably at most 

15 1/100, yet more desirably at most 1/1,000. More specifically, for example, 
when the travelling light has a wavelength falling in a 1.55-^m band, it is de- 
sirable that each minute region 12 have a diameter of at most 150 nm, more 
desirably at most 15 nm, yet more desirably a couple of nanometers. 

The minute regions 12 are distributed nearly uniformly in the entire main 

20 medium 11. The refractive index of the main medium 11 varies with the ra- 
dial distance r from the axis C. For example, it decreases with increasing dis- 
tance r. The refractive-index profile of the main medium 11 determines the 
radial average-refractive-index profile of the optical fiber 10. The average- 
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refractive -index profile is formed such that light can travel in the fiber. The 
average refractive index can be calculated from the refractive indexes of the 
main medium 11 and the submedia in the minute regions 12 and the volume 
percentages of the main medium 11 and the minute regions 12. 
5 Figures 2A, 2B, and 2C are diagrams showing examples of the average- 
refractive-index profile of the optical fiber 10. In these figures, the axis of ab- 
scissas represents the radial position and the axis of ordinates represents the 
average refractive index. The average-refractive-index profile of the optical 
fiber 10 may be: 
10 (a) a step-index type as shown in Fig. 2A; 

(b) a graded-index type as shown in Fig. 2B; or 

(c) a gradually decreasing type as shown in Fig. 2C, in which the average re- 
fractive index decreases continuously with increasing radial distance r. 

It is desirable that the average-refractive-index profile produce a radial opti- 
15 cal-energy distribution expressed by, for example, the Gauss 1 function or the 
Laguerre's function. 

As described above, in the first embodiment, the optical waveguide (optical 
fiber) 10 has the minute regions 12 each of which does not extend along the axis 
C. Therefore, its termination work is easy. The optical waveguide is formed as 
20 an optical fiber. The optical fiber is suitable for use as an optical transmission 
line because it can be easily produced with a long length. The gas used as the 
submedmm reduces the material dispersion. In addition, the nonlinearity and 
chromatic dispersion can also be decreased. When the minute region 12 has a 
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size of at most 1/10 the wavelength of the light travelling in the fiber, the effect 
of the Rayleigh scattering is decreased and therefore the transmission loss can 
be reduced. 

Figure 3A is a view showing the cross section perpendicular to the axis C of 
an optical waveguide (optical fiber) 20 in the second embodiment. Figure 3B 
is a view showing the longitudinal cross section including the axis C of the opti- 
ca 1 fiber 20. The optical fiber 20 has an outside shape similar to that of the 
conventional optical fiber. The cross section perpendicular to the axis C is 
circular, and the fiber is long along the axis C. 

The optical fiber 20 comprises a main medium 21 in which minute regions 22 
composed of a multitude of submedia are distributed. The main medium 21 is 
made of silica glass, for example. The submedium in each minute region 22 is 
formed by a vacuum or a gas, such as an inert gas or air. The submedium has 
a refractive index smaller than that of the main medium 21. Each minute 
region 22 has a nearly spherical shape or a shape formed by linking a plurality 
of spherical regions. In other words, it does not extend along the axis C. 

When the diameter is used as a representative size of each minute region 22, 
it is desirable that each minute region 22 have a diameter of at most 1/10 the 
wavelength of the light travelling in the optical fiber 20, more desirably at most 
1/100 ; yet more desirably at most 1/1,000. More specifically, for example, 
when the travelling light has a wavelength falling in a 1.55-^im band, it is de- 
sirable that each minute region 22 have a diameter of at most 150 nm, more 
desirably at most 15 nm, yet more desirably a couple of nanometers. 



The distribution density or individual size of the minute regions 22 varies 
radially in the main medium 21. The distribution density and individual size 
of the minute regions 22 determine the radial average-refractive-index profile 
of the optical fiber 20. The average-refractive-index profile is formed such 
that light can travel in the fiber. The average refractive index can be calculat- 
ed from the refractive indexes of the main medium 21 and the submedia in the 
minute regions 22 and the volume percentages of the main medium 21 and the 
minute regions 22. 

For example, as the radial distance rfrom the axis C increases, the distribu- 
tion density of the minute regions 22 gradually increases, and accordingly the 
average refractive index decreases gradually. As shown in Figs. 2A, 2B, and 
2C, the radial average-refractive-index profile of the optical fiber 20 may be (a) 
a step-index type, (b) a graded-index type, or (c) a gradually decreasing type, in 
which the average refractive index decreases continuously with increasing ra- 
dial distance r. It is desirable that the average-refractive-index profile produce 
a radial optical-energy distribution expressed by, for example, the Gauss' func- 
tion or the Laguerre's function. 

Having the structure as described above, the optical fiber 20 facilitates its 
termination work. In addition, the transmission loss, nonlinearity, and chro- 
matic dispersion can be decreased. 

The optical fibers 10 and 20 described in the above embodiments are suitable 
for use as an optical transmission fine for transmitting femtosecond-pulse laser 
light. More specifically, because they have a reduced transmission loss, non- 
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linearity, and chromatic dispersion, they can transmit with high quality femto- 
second-pulse laser light, which has a high power in a broad band. 

Next, one embodiment of the method of producing the optical fiber according 
to the present invention is explained. In this embodiment, an optical fiber is 
produced by the process including the following steps: 

(a) a first step for producing a fibrous intermediate in which minute regions 
composed of a multitude of submedia are distributed in the main medium; 
and 

(b) a second step for providing the intermediate with a refractive -index pro- 
file for transmitting light. 

The first step can be performed, for example, by the sol-gel process. The sec- 
ond step can be performed, for example, by utilizing the nonlinearity-originated 
self- focusing property of high-power laser light, such as YAG laser fight or fem- 
tosecond-pulse laser light, so that the main medium can be provided with the 
refractive-index profile. The second step can also be performed by irradiating 
the center portion of the intermediate from its side with high-energy rays, such 
as X rays, ultraviolet rays, or corpuscular rays, so that the specific portions of 
the main medium constituting the intermediate can be modified. 

For example, the first step is performed by the following procedure. This 
step first prepares a fibrous material made of glass having a hollow region that 
includes the center of axis and extends along the axis. It is desirable that the 
hollow region have a diameter of at least 10 Mm. The fibrous material is 
provided with a plurality of through holes that connect the side surface to the 
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hollow region. A glass-sol solution is introduced into the hollow region by os- 
mosis through the through holes. The solution filling the hollow region ge- 
latinizes, so that a multitude of submedia (cavities) are distributed in the main 
medium (glass). In the second step, the self-focusing of the high-power laser 
light or the irradiation of the high-energy rays forms a refractive-index profile 
in the main medium. Thus, the optical fiber is provided with a radial refrac- 
tive-index profile. In addition, it is desirable that the circumferential surface 
of the optical fiber be coated with an ultraviolet cure resin or a thermosetting 
resin to reinforce the optical fiber mechanically. Alternatively, it is also desir- 
able the circumferential surface of the optical fiber be coated with a material in 
which fibers made of glass, carbon, crystalline resin, or another proper sub- 
stance are bonded by a synthetic resin. 

In the first step, the glass-sol solution can be replaced with an organic solu- 
tion. This type of method is reported by M. Jikei et al in the report entitled 
"Preparation of aromatic polyamide aerogels by supercritical fluid extraction 
with carbon dioxide" (the Chemical Society of Japan, Autumnal Convention, 
September 20-23, 2001, 2P5A-09). According to the report, the solution to be 
filled in the hollow region of the fibrous material comprises, for example: 

(a) p-phenylenediamine (PD) or 4,4'-diaminobiphenyl ether (ODA); 

(b) trimesic acid (TMA); 

(c) a condensing agent composed of triphenyl phosphite and pyridine; and 

(d) a polymerization solvent composed of N-methylpyrrolidone (NMP). 

The solution is introduced into the hollow region by osmosis to fill the hollow 
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region. The NMP used as the polymerization solvent is solvent-replaced with 
ethanol. Poly amide aerogel is produced by supercritical fluid extraction with 
carbon dioxide. The solvent replacement shrinks the gel to 80% to 90% or so. 
After the gel is supercritically dried, the gel has a size of about 70% to 76% of 
5 the size when the gel is prepared. On the other hand, natural drying after the 
solvent replacement shrinks the gel to about 47%. The above-described proc- 
ess forms pores (minute regions) each having a radius of about lO nm. There- 
fore, the minute regions can constitute at least 90% of the total volume. 

Alternatively, the first step can be performed as follows. First, the use of the 

10 phase separation method produces a fibrous material in which minute regions 
composed of a multitude of dummy media are distributed in the main medium 
(silica glass, for example). An intermediate is formed by removing the dummy 
media by using the leaching method. The use of the particle sintering and 
internal extraction method can also produce a fibrous intermediate in which 

15 minute regions composed of a multitude of submedia are distributed in the 
main medium. Subsequently, the second step is performed as follows. The 
main medium is provided with a refractive-index profile by utilizing the non- 
linearity-originated self-focusing property of high-power laser light, such as 
YAG laser light or femtosecond-pulse laser light. Alternatively, the specific 

20 . portions of the main medium constituting the intermediate is modified by irra- 
diating the center portion of the intermediate from its side with high-energy 
rays, such as X rays, ultraviolet rays, or corpuscular rays. Thus, the optical 
fiber is provided with a radial refractive-index profile. 
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There is still another alternative. This alternative first produces a fibrous 
intermediate in which minute regions composed of a multitude of polymers are 
distributed in the main medium (silica glass, for example). Then, the 
polymers are removed by a burning-out treatment. A foaming agent is inject- 
5 ed into the fibrous intermediate with a specific distribution. The foaming 
agent is foamed by heating. Thus, the optical fiber is provided with a radial 
refractive-index profile. In this case, the regions of the submedia of the optical 
fiber are formed by the foamed foaming agents. 

The present invention is described above in connection with what is presen- 
10 tly considered to be the most practical and preferred embodiments. However, 
the invention is not limited to the disclosed embodiments, but, on the contrary, 
is intended to cover various modifications and equivalent arrangements in- 
cluded within the spirit and scope of the appended claims. 

For example, the optical waveguide described in the foregoing embodiments 
15 has the form of a fiber. However, the optical waveguide may be formed di- 
rectly on a flat substrate. The main medium of the optical waveguide de- 
scribed in the foregoing embodiments is made of silica glass. However, the 
main medium may be made of another material, such as another type of glass 
or a synthetic resin. 

20 

The entire disclosure of Japanese patent application 2003-004700 filed on 
January 10, 2003 including the specification, claims, drawing, and summary is 
incorporated herein by reference in its entirety. 



